Summary: Surface seawater and sediment parameters indicate the trophic state of coastal marine systems. We used a biochemical approach to identify descriptors of the trophic state and environmental quality of intertidal ecosystems, based on the analysis of the quality and quantity of sedimentary organic matter, water nutrients and their correlation with the foraminiferal population at two sites on the west coast of India. Surface intertidal sediments were collected for a period of 17 months from January 2012 to May 2013 at intervals of two months by using a short core tube. Total foraminiferal number and live foraminiferal number showed a peak during the post-monsoon period, when there is an enrichment of sediment chlorophyll a as well as a dominance of carbohydrates over sedimentary protein. Thus, a small change in the trophic status of the environment from a lower oligotrophic to a higher oligotrophic condition is responsible for the enhancement of foraminiferal population and diversity in the study sites. In particular, sediment protein concentration appeared to be a good descriptor of the trophic state. A gradual increase in foraminiferal population from a protein-rich, fresh organic matter environment to a carbohydrate-rich, detritus organic matter environment indicates the foraminiferal preference for detritus food sources. Thus, the main regulation factor for abundance and diversity of foraminifera at the study sites is trophication.
INTRODUCTION
Single-celled protists play an important role in marine food webs (Anderson 1994) . Foraminifera are among the most abundant known protists found in marine habitats and show broad ecological adaptability (Lipps 1983) . These single-celled organisms can exist in nearly all marine environments, including deep-sea areas and extreme ecosystems (Gooday 1992, Linke and Lutze 1993) . They are characterized by a short life cycle (when compared with macrofaunal metazoans) and react rather quickly to both short and long-term changes in marine and estuarine environments. For these reasons, foraminifera are used increasingly to evaluate the environmental status of marine coastal systems impacted by pollution and eutrophication (Frontalini and Coccioni 2012, Nigam et al. 2006) .
The foraminiferal populations in marine sediments are mainly constrained by fluxes of organic particles (Gooday 2003) . These organic fluxes are in turn strongly influenced by surface ocean productivity (Altenbach et al. 1999) . During the last few decades several ecological studies of benthic foraminifera indicate the importance of organic matter fluxes as the main parameter controlling the populations of deep-sea benthic foraminifera. The marginal marine environments are highly "stressed", showing a larger number of factors that can play a major role (i.e. temperature, salinity, sediment, toxic substances, as well as biological interactions; Murray 1991 , 2001 , Jorissen et al. 2007 . During the last years two factors have been invoked to explain benthic foraminifera distribution and abundance in marginal environments: sediment grain-size and organic matter (OM) quantity and quality (Debenay et al. 2001 , Diaz et al. 2004 , Schafer et al. 1991 , Setty and Nigam 1982 , Alve 1991 , both of which have controversial and complex effects on foraminiferal populations.
The trophic state of marine sediments is dependent not only upon the absolute quantities of the OM deposited on the sea floor but also on its biochemical composition and nutritional quality (Pusceddu et al. 2009 ). Foraminifera are prey for many marine invertebrates and vertebrates (such as holothuroids, deep-sea scaphopods and coral reef fish), and are the chief food source for some of them (Lipps 1983 (Lipps , 1988 . Thus, benthic foraminifera are a link between low and high trophic levels and are important in the cycling of OM and organic carbon (Gooday 1992) . Studies on the role of the biochemical composition and the nutritional quality of the sediment OM in the ecology of foraminifera is limited. Sedimentary OM consists of labile and refractory compounds. The labile (i.e. readily available) fraction of sedimentary OM controls distribution of benthic communities in lagoons and marine shallow environments (Pusceddu et al. 2007 ). In particular, sediment protein and carbohydrate concentrations appear to be good descriptors of the trophic state of the benthic system, as demonstrated by Dell'Anno et al. (2002) .
The present study aims 1) to assess the trophic status using descriptors in surface sediments and water parameters combined with foraminiferal population; and 2) to understand how seasonal changes in the quality and quantity of sedimentary food resources affect foraminiferal population in the intertidal sediments of the west coast of India.
In order to address these questions, we studied the abundance and biodiversity of living (as Rose-Bengal positive) intertidal foraminifera together with the quantity and biochemical composition of the sediment in terms of OM, carbohydrate content, protein content and chlorophyll a (Chl a) content as well as surface seawater in terms of primary nutrients such as nitrate, nitrite, phosphate, reactive silicate and Chl a on the west coast of India.
METHODOLOGY

Study area
The present study was carried out in Payyannur (12°0'N, 75°12'E; Site 1) and Panambur (12°57'N, 74°48'E; Site 2) on the west coast of India (Fig. 1) . The shoreline is generally straight and is low-lying and sandy. The southern west coast of India has narrow coastal plains bordered on the east by Western Ghats. The rivers originating from Western Ghats provide large inputs of various micro and macro nutrients to the open sea. The monsoon thus considerably alters the hydrobiologic profile of the Arabian Sea, triggering seasonal reversals in the surface circulation and a high Chl a concentration and low salinity (Bhattathiri et al. 1996 , Wiggert et al. 2005 ) during the Southwest Monsoon, which leads to one of the highest production rates in the world. Seasonal and regional changes of surface water productivity and the variability of organic carbon fluxes make this study site ideal to investigate the impact of food resources and trophic status on foraminiferal abundance and diversity.
Sample collection and processing (Foraminifera)
Intertidal sediments were collected for a period of 17 months from January 2012 to May 2013 at intervals of two months. A short core tube was pushed into the sediment to a depth of around 5 cm for the collection of sediment samples. The surface sediments were analysed for foraminiferal diversity and abundance in relation to the quality and quantity of food resources of the intertidal sediment (in terms of OM, carbohydrate content, protein content and Chl a). The top 1 cm of the surface sediment was collected, preserved in 70% alcohol and stained with Rose Bengal (overnight) to identify live organisms. Rose Bengal is routinely used to differentiate living from dead foraminifera (Walton 1952 , Scott and Medioli 1980 , Murray 1991 . Protoplasm is stained bright red whereas test walls and organic lining are either unstained or lightly stained. The advantages are that no special equipment is required and it is quick. It is thus ideal for large number of samples. The disadvantage is that clumps of bacteria inside the test or cyanobacteria or fungi on the outside may be mistaken for protoplasm or that the stain may not be taken up if the individual is starving. We assumed that tests containing protoplasm within the last few chambers were living at the time of collection Alve 1999, Horton et al. 1999) . Sediment samples were wet-sieved through a 63-μm mesh screen and dried. All stained (total life assemblage) and unstained (dead) Foraminifera (Murray and Browser 2000) were picked under binocular, then identified and counted. The total foraminiferal number (TFN) and live foraminiferal number (LFN) in each sample were computed and standardised to 1 g dry sediment. The species were identified and classified by following Loeblich and Tappan (1987) .
Sample collection and analysis (sediment geochemical and sea water parameter)
For the analysis of nutrients, surface water samples (1 L) were collected in clean polypropylene/glass containers, placed in an ice box and transported immediately to the laboratory from the study sites. Chl a was analysed according to Lorenzen and Jeffrey (1980) . Pigments were extracted with 90% acetone (24 h in the dark at 4°C). Following centrifugation, the supernatant was used to determine functional Chl a. Sediment carbohydrates were extracted in concentrated H 2 SO 4 and measured according to Dubois et al. (1956) . Absorbance was measured at 490 nm using a SICAN 2301 UV-VIS spectrophotometer. Solutions of D (+)-glucose were used as standards. Sediment proteins were extracted in 1 N NaOH and were estimated according to Lowry's Method (Lowry et al. 1951) . Absorbance was measured at 650 nm with a SICAN 2301 UV-VIS spectrophotometer. Bovine albumin solutions were used as standards. The values of protein to carbohydrate ratio as descriptors of the ageing and nutritional quality of sediment OM were calculated (Pusceddu et al. 2010 (Pusceddu et al. , 2011 . The seawater samples were filtered and analysed for inorganic phosphate, nitrate, nitrite and reactive silicate by adopting the standard methods described by Strickland and Parsons (1972) .
Biodiversity analysis (Foraminifera)
Foraminiferal biodiversity was analysed using the following diversity indices: species richness (S) measured as the number of species; dominance (D) measured by the 1-Simpson Index; species diversity (H loge) measured by the Shannon-Wiener (H) information function; and species evenness (J) measured using the Pielou Index. All indices were calculated using PAST software (Hammer et al. 2001) .
Statistical analysis
Statistical analysis was carried out using IBM SPSS 20 statistical software (SPSS Inc, Chicago, IL, USA). The results of analysis of variance (ANOVA) for the difference in TFN between the stations were not significant. The highest densities and diversities were observed during the post-monsoon period (October to December) rather than the monsoon period (June to september) and pre-monsoon period (March to May) at both sites.
RESULTS
Foraminiferal abundance and species richness
The benthic foraminifera assemblages analysed can be grouped into two orders (Rotaliina and Miliolina) and seven families (Rotaliidae, Spiroloculinidae, Rosalinidae, Hauerinidae, Nonionidae, Elphidiidae, and Eponididae). The total number of species (live + dead) ranged from 1 to 13 (Site 1) and 1 to 15 (Site 2), and the species Rotallidium annectans, Ammonia dentate, Ammonia becarii and Pararotalia calcar were the most abundant. Rotallidium annectans were found to be the most dominant species with the highest percentage (Site 1, 94%; Site 2, 75%) of LFN at both sites.
The Shannon Index values were higher in March 2013 at Site 1 (H'=0.63) and January 2012 at Site 2 (H'=1.04). The highest Pielou evenness occured in May 2012 at Site 1 (0.94) and in January 2012 at Site 2 (0.94) and the lowest in November 2012 at both sites (Site 1-0.12; Site 2-0.15) ( Table 1) .
Biochemical composition of sedimentary OM
The organic carbon content in the study area varies from 0.09% to 0.16% at Site 1 and 0.07% to 0.19% at Site 2 (Fig. 3) . The highest concentrations occurred in January 2012 at Site 1 while at Site 2, where seasonality was more evident, the highest concentration was measured in November 2012. Lowest organic contents were measured in the monsoon season at both stations. TFN was positively correlated with the sediment OM at both sites (r=0.63 at Site 1; r=0.71 at Site 2). A good correlation was also observed between the LFN and sediment OM (r=0.59 at Site 1; r=0.63 at Site 2).
Sedimentary carbohydrates and proteins showed a strong seasonality (Fig. 4) . Sedimentary carbohydrate ranged between 0.03 and 0.22 mg g -1 at Site 1 and 0.04 and 0.32 mg g -1 at Site 2. The highest carbohydrate content was observed in January 2013 at Site 1 and November 2012 at Site 2. The proteins ranged between 0 and 0.02 mg g -1 at Site 1 and 0 and 0.03 mg g -1 at Site 2. The protein content was found to be below de- This finding may be due to the low organic inputs during the summer months. Protein to carbohydrate ratio (PRT: CHO) ranged between 0 to 0.6 and 0 to 0.7 at Sites 1 and 2, respectively. The highest PRT: CHO ratio was observed during the post-monsoon months and the lowest during the summer months at both sites. Sedimentary Chl a did not vary significantly among sites. It showed seasonality at both sites and values ranged between 0.26 and 1.84 mg g -1 at Site 1 and between 0.32 and 0.98 mg g -1 at Site 2. Peaks in water Chl a preceded peaks in sediment Chl a by about 60 days at both sites (Fig. 5 ). Significant positive correlation was observed between the sedimentary Chl a and TFN (r=0.56 at Site 1; r=0.57 at Site 2). Similarly, the LFN also correlated positively with the sedimentary Chl a (r=0.58 at Site 1; r=0.5 at Site 2) at both sites.
Seawater trophic parameters
The primary nutrients were found to be higher during the monsoon season. Nitrate concentration varied from 0.6 to 3.2 μg L -1 at Site 1 and from 0.4 to 3.4μg L -1 at Site 2 (Fig. 6) . Nitrite content was ranged from 0.07 to 0.12 μg L -1 at Site 1 and from 0.05 to 0.12 μg L -1 at Site 2 (Fig. 7) . Inorganic phosphorous ranged from 0.04 to 1.4 μg L -1 and from 0.01 to 1.6 μg L -1 at Sites 1 and 2, respectively (Fig. 8) . Reactive Silicate was found to be between 6 and 42 μg L -1 at Site 1 and between 6 and 38 μg L -1 at Site 2 (Fig. 9 ).
DISCUSSION
Influence of seawater circulation and sediment parameters on trophic status
Chlorophyll a is considered the principal indicator of trophic state as well as an index for biomass of primary producers. The present study area shows episodic peaks in water Chl a as well as sediment Chl a, with a time lag of about 60 days. Upwelling delivers a considerable amount of nutrient load as well as organic detritus to the area, leading to modification of the trophic status of the environment. Deposition of organic material from the water may cause increases in benthic OM rapidly at timescales of weeks but may persist for several months. In the present study the sediment Chl a concentration was much higher than the water column Chl a concentration, suggesting rapid sedimentation and incorporation of phytoplankton into surface sediments, and that peaks in sedimentary Chl a followed the peaks of Chl a in the water column by about 60 days (Fig. 5) Carbohydrates are the principle organic compounds produced by autotrophic organisms by photosynthesis, being part of the structural and reserve tissues of aquatic and terrestrial plants. Also, microphytobenthos produces large amounts of exocellular carbohydrates mostly derived from metabolic activity in response to variations in light intensity, nutrient availability, salinity and taxonomic composition of the biofilm (Welker et al. 2002) . Therefore, the carbohydrate content in sediments may originate from several sources, such as sedimentation of planktonic microalgae, benthic primary production and riverine input of terrestrial compounds. Protein concentrations in sediments reflect the productivity of the system, as they are indicative of microalgal biomass and mobilize more rapidly than carbohydrates, which are more refractory (Danovaro et al. 1999) . In the present study the enrichment of sediment by protein during the monsoon season appears to indicate the presence of recently produced OM, but also a high amount of partially degraded organic material derived from both primary production and anthropogenic sources. By a time lag of 30-60 days the composition of sedimentary OM shows a dominance of carbohydrates over proteins. The dominance of carbohydrates over proteins is a characteristic feature of higher oligotrophic or detrital environments (Danovaro 1993) . The protein to carbohydrate (PRT: CHO) ratio can also give some information about the quality of this sediment OM: the higher the protein to carbohydrate ratio, the fresher the organic material (Pusceddu et al. 2000 (Pusceddu et al. , 2011 . In the present study a low PRT:CHO suggests the presence of aged OM (Danovaro 1996) . No significant seasonal or spatial changes were found in PRT:CHO ratio in our study area. For most of the study period, the ratio remained below 1.0. This confirms that the sediments of the study sites were characterized by a large amount of non-living OM. Sediment protein and carbohydrate concentrations appear to be good descriptors of the trophic state of the benthic system, as demonstrated by Dell'Anno et al. (2002) .
Influence of quantity and nutritional quality of sedimentary OM in the foraminiferal population
Foraminifera require food in order to grow and reproduce (Myers 1943) . Phytodetritus, derived either from decaying microphytobenthos or settled phytoplankton, is universally considered one of the most important food sources for the sediment-dwelling benthos (Pusceddu et al. 2003) . Also, organic N, and therefore primarily proteins, are considered the most important limiting factor for heterotrophic nutrition (Fabiano et al. 1995) . Previous studies have documented links between benthic foraminiferal populations and cycles in food supply and levels of OM, and have found evidence that benthic foraminifera are efficient at quickly exploiting food resources, in both shallow and deep water environments (Buzas 1969, Lee and Muller 1973) . Foraminiferal populations have been shown to increase in response to blooms in primary production (Alve and Murray 1994) . TFN and LFN exhibit seasonal cycles similar to those of sediment OM levels (Devi and Rajashekhar 2009 ) on the west coast of India. Fluctuations in benthic foraminiferal populations in these coastal sediments appear to be closely tied to cycles in food resources.
Many researchers have investigated the correlation between foraminiferal populations and sediment total organic carbon (TOC), but some have found poor correlation between foraminiferal abundance and organic carbon (Setty and Nigam 1982, Qvale and Van Weering 1985) . Altenbach and Sarnthein (1989) and Murray and Alve (2000) proposed sediment Chl a as a best proxy for food supply.
Some studies have measured multiple potential food resources, including sediment amino acids (Kroencke et al. 2000) . Many different food sources and feeding strategies have been reported for benthic foraminifera, including selective ingestion of bacteria, deposit and suspension feeders, detritivory and scavenging (Lipps 1983, Goldstein and Corliss 1994) . Therefore, a wide range of OM types are potential food resources for benthic foraminifera, and different types of food are probably important to benthic foraminifera in different marine environments.
The present study shows the differences in foraminiferal abundance and biodiversity with the quantity and nutritional quality of sedimentary OM during the postmonsoon period. The increased nutrient load into the coastal waters will increase the primary productivity, which will further increase the rapid reproduction of the foraminiferal population (Fig. 10) . Therefore, a positive relation can be seen between the foraminiferal population and the water nutritional parameters.
Foraminiferal population and trophic status
The TFN and LFN showed a peak during the post-monsoon period, when there is an enrichment of sediment Chl a and a dominance of carbohydrates over sedimentary protein (Fig. 4) . The study areas are characterized by oligotrophic conditions and a small change in the trophic status of the environment from a lower oligotrophic to a higher oligotrophic condition is responsible for the enhancement of foraminiferal population and diversity at the study sites. Upwelling leads to occurrence of a protein-rich environment with nutrient and Chl a. The decrease in foraminiferal population during the monsoon season indicates less favourable environmental and trophic conditions. A gradual increase in foraminiferal population from a protein-rich fresh OM environment to a carbohydrate-rich detritus OM environment indicates the foraminiferal preference of detritus food sources, which also supports the protein-carbohydrate data used to characterize the study areas as a detritus environment. Figure 11 shows a gradual decrease in the protein to carbohydrate ratio below 0.1 during the post-monsoon period, which also supports the hypothesis of the higher oligotrophic condition (Pusceddu 1997) . The main regulation factor for abundance and diversity of foraminifera is trophication. Thus, the peaks in foraminiferal population and diversity during these periods indicate the foraminiferal preference for a higher oligotrophic environmental condition.
